ABSTRACT Wild Saccharomyces cerevisiae strains are typically diploid. When faced with glucose and nitrogen limitation they can undergo meiosis and sporulate. Diploids can also enter a protective, nondividing cellular state or quiescence. The ability to enter quiescence is highly reproducible but shows broad natural variation. Some wild diploids can only enter cellular quiescence, which indicates that there are conditions in which sporulation is lost or selected against. Others only sporulate, but if sporulation is disabled by heterozygosity at the IME1 locus, those diploids can enter quiescence. W303 haploids can enter quiescence, but their diploid counterparts cannot. This is the result of diploidy, not mating type regulation. Introduction of SSD1 to W303 diploids switches fate, in that it rescues cellular quiescence and disrupts the ability to sporulate. Ssd1 and another RNA-binding protein, Mpt5 (Puf5), have parallel roles in quiescence in haploids. The ability of these mutants to enter quiescence, and their long-term survival in the quiescent state, can be rescued by exogenously added trehalose. The cell wall integrity pathway also promotes entry, maintenance, and recovery from quiescence through the Rlm1 transcription factor.
INTRODUCTION
Quiescence is a critical and conserved alternative to proliferation. Maintenance of this protective quiescent state and recovery from it promotes the long-term survival of both multi-and unicellular species. The advantage to studying quiescence in free-living, unicellular organisms is that there is no intervention or genetic manipulation required to follow the transition in or out of quiescence. In Saccharomyces cerevisiae, quiescence is typically induced by nutrient limitation, but it is not a starvation state. Faced with a waning nutrient supply, these cells down-regulate highly conserved signaling pathways that promote proliferation and redirect their gene expression and metabolism to stockpile nutrients and induce processes that promote long-term survival (Lillie and Pringle, 1980; Sillje et al., 1999; Francois and Parrou, 2001; De Virgilio, 2012; McKnight et al., 2015; Young et al., 2017) .
Most of what we know about quiescence in budding yeast has come from studies of yeast cultures grown to saturation or stationary phase. However, stationary phase cultures contain at least three distinct cell types based on light scattering alone (Li et al., 2013) . These three cell types arise in part from the highly asymmetric final cell divisions that cells undergo after they have taken up all the glucose from their medium (Johnston et al., 1977; Li et al., 2013) and the elaboration of highly fortified cell walls (Shimoi et al., 1998) . One of these three cell types is quiescent (Q cells) and can be separated from the nonquiescent (non-Q) cells by density gradient sedimentation (Allen et al., 2006) . These are unbudded cells with 1N DNA content that have accumulated high levels of glucose in the form of trehalose, which contributes to their high density (Shi et al., 2010) . They are more thermotolerant and long-lived than their nonquiescent siblings (Allen et al., 2006; Li et al., 2009) . They are primarily daughter cells and young mothers (Allen et al., 2006) . This daughter enrichment is consistent with numerous studies indicating that daughter cells asymmetrically inherit higher quality proteins, mitochondria, and other organelles that promote their longevity (Lai et al., 2002; McFaline-Figueroa et al., 2011) . The lighter nonquiescent cells are primarily old mothers that undergo reactive oxygen species accumulation and apoptosis. These cells lose the ability to reenter the cell cycle rapidly and those that can reenter do so much slower than Q cells (Lee et al., 2016) .
In W303 haploid prototrophs, grown to saturation in rich medium, the Q cells make up about half the population. However, introduction of a full-length SSD1 allele to this strain enables 90% of the cells to fractionate as Q cells (Li et al., 2009) . In this case the mother-daughter asymmetry persists in that the quiescent daughter cells have a longer life span than the quiescent mother cells (Li et al., 2013) . There is also an Ssd1-mediated increase in stress tolerance and longevity in the nondividing state, but no significant increase in trehalose levels (Li et al., 2013) . This indicates that trehalose is necessary but not sufficient to confer the properties of quiescent cells. Other factors, like Ssd1, contribute. Ssd1 levels increase as dividing cells age and this increase extends the number of times each cell can divide before senescence .
Ssd1 is an RNA-binding protein that binds to many mRNAs encoding cell wall proteins and delivers at least one of them to sites of polarized cell growth (Hogan et al., 2008; Jansen et al., 2009; Kurischko et al., 2011) . Upon stress, or stationary phase, when cell division ceases, P bodies accumulate Teixeira et al., 2005) and Ssd1 delivers cell wall mRNAs to P bodies where they are translationally repressed, stored, or degraded (Holmes et al., 2004; Coller and Parker, 2005) . Hence, a key function of Ssd1 is to regulate when and where cell wall growth and remodeling takes place. Lack of Ssd1 weakens cell walls and activates the cell wall integrity (CWI) checkpoint (Arias et al., 2011) , which monitors cell wall defects and arrests division (Levin, 2011) . Ssd1 and a second mRNA-binding protein (Mpt5/Puf5) function in parallel to maintain CWI and prolong life span in the dividing (Kaeberlein and Guarente, 2002) and nondividing states (Li et al., 2013) . They also play overlapping, important roles in Q-cell formation in haploid cells (Li et al., 2013) . Mpt5 activates the CWI pathway by translational repression of LRG1 mRNA (Duy et al., 2017) , which encodes an inhibitor of the pathway (Stewart et al., 2007) .
Ssd1 association with P bodies requires the low-complexity prion-like domain (PLD) in the N-terminus of Ssd1 (Kurischko and Broach, 2017) and is disrupted by Cbk1-dependent phosphorylation of the PLD. Failure to phosphorylate the Cbk1 sites in Ssd1 leads to its constitutive association with P bodies, acute translational repression of Ssd1-associated mRNAs, and cell lysis (Jorgensen et al., 2002; Kurischko et al., 2005; Jansen et al., 2009) . Cbk1 is a Ndr/LATS family kinase that is localized to sites of polarized growth (Racki et al., 2000; Weiss et al., 2002) , where it inhibits translational repression of cell wall mRNAs by Ssd1 and permits localized cell wall remodeling (Jansen et al., 2009 ). Cbk1 activity is modulated by Lre1 during the cell cycle (Mancini Lombardi et al., 2013) and in response to glucose availability (Versele and Thevelein, 2001) .
We have quantified sporulation and quiescence entry in wild and laboratory yeast strains. Both are highly reproducible quantitative traits that show broad natural variation. Our previous work showed that Ssd1 and Mpt5 make overlapping contributions to quiescence entry in W303 haploids (Li et al., 2009 (Li et al., , 2013 . Our new data make it clear that Ssd1 is particularly important for the formation and longevity of quiescent cells in W303 diploids. We also find that the CWI pathway is required for surviving the entry into quiescence when Ssd1 function is compromised.
RESULTS
S. cerevisiae in the wild is typically diploid (Landry et al., 2006) , and diploids can sporulate when glucose and nitrogen are scarce. This raises the possibility that S. cerevisiae has had little pressure to evolve an alternative to sporulation that would insure survival of diploid cells in the nondividing state. Alternatively, diploids may be equally capable of entering a quiescent cellular state when nutrients are limiting. To explore these possibilities, we assayed both laboratory and wild strains as haploids and diploids for their ability to enter a stress-tolerant and long-lived quiescent (Q) state and compared that to their ability to sporulate.
Quiescence is a quantitative trait accessible to both haploid and diploid S. cerevisiae strains As noted above, haploid quiescent cells can be purified due to their high density compared with the nonquiescent cells within a saturated or stationary phase culture. We find that quiescent diploids can be reproducibly obtained by the same density gradient protocol (gray bars, Figures 1 and 2 ). This shift to high density is a characteristic of the transition to quiescence, but it does not singularly define the nondividing quiescent state. Hence, we also assayed the thermotolerance and longevity of these dense cells to identify Q cells. In parallel, we quantified sporulation in lab and wild diploids. We assayed what we will refer to as induced and deregulated sporulation. S. cerevisiae is induced to sporulate when shifted from rich medium to acetate . This shift eliminates both nitrogen and glucose, which derepresses the master inducer of meiosis IME1, and triggers sporulation (green bars, Figures 1 and 2; Pinon, 1977; Kassir et al., 1988; Sagee et al., 1998; Weidberg et al., 2016) . We use deregulated sporulation to refer to that which occurs without intervention, after 7 d of growth in rich medium, where the cells limit for glucose but not for nitrogen (Alvers et al., 2009) . Under these conditions, two-spore asci can arise from a modified meiosis that produces two haploid nonsister spores with opposite mating type and maximal genetic diversity (Davidow et al., 1980; Neiman, 2011; Renicke et al., 2017) . Asci sediment with the dense cell fraction, so we use microscopic examination to determine the percent of deregulated sporulation in the dense fraction (blue bars, Figures 1 and 2 ). Dense cells within this fraction are represented by the difference between the gray and blue bars. Budded cells are rare in all but one strain (red bars, Figure 2 ). It is worth noting that the conditions we use for generating Q cells and spores may not be ideal for all strains (Elrod et al., 2009) . However, under these fixed conditions, we find Q-cell formation and both forms of sporulation to be highly reproducible, but quite variable among the strains we tested.
Quiescence and sporulation are cell fate choices accessible to some but not all diploids
The wild haploid strain RM11 produces 96% dense cells, showing that in some genetic backgrounds nearly all cells are capable of obtaining the density of Q cells ( Figure 1A ). These dense RM11 cells are highly thermosensitive ( Figure 1B ), indicating that they lack at least one characteristic that has been associated with a protective quiescent state, but they have an extremely long life span in the nondividing state ( Figure 1C) , which is the cardinal feature of quiescent cells. The RM11 diploid can be induced to sporulate, but it shows no deregulated sporulation ( Figure 1D ). SK1, which is capable of highly efficient induced sporulation (Kane and Roth, 1974) , shows no evidence of deregulated sporulation and completely fails to produce Q cells in the haploid or diploid state (Figure 1, A and  D) . S288c diploids are highly defective at sporulation under our conditions, but they are very efficient at entering quiescence (Figure 1, D and E; Allen et al., 2006) . The W303 diploid can be induced to sporulate, but it produces very few dense cells ( Figure 1D ), and those that are produced are less thermotolerant than the W303 haploid Q cells (Figure 1 , B and E). The same W303 strain carrying a wild-type SSD1 locus (from S288c) has the reverse fate, producing 10 times more dense cells with high thermotolerance and almost eliminating sporulation.
Interestingly, the very efficient induced sporulation of SK1 is dominant when SK1 is crossed to S288c, W303, W303SSD1, and RM11 ( Figure 1D ). Many genes have been identified that promote sporulation in SK1 (Deutschbauer and Davis, 2005; Ben-Ari et al., 2006) but the nature of this dominance has not been reported. The SK1 defect in Q-cell formation is also dominant in all but the S288c/ SK1 diploids. These mixed background diploids display some deregulated sporulation ( Figure 1D , blue bars), whereas the homozygous lab strains do not. It is likely that the lab strains were adopted in part because they do not sporulate in rich medium, which would result in mixtures of haploids and diploids. In contrast, deregulated sporulation is quite common in the wild strains we have tested (blue bars, Figure 2A) .
The propensity to either sporulate or enter quiescence displayed by most of these strains suggests that there has been selective pressure to limit pathway choice to promote longevity in different environmental conditions. To see whether this restricted cell fate choice is observed in other wild diploids, we assayed Q-cell formation and sporulation in a set of wild diploids that had already been characterized for induced sporulation efficiency (Cubillos et al., 2011; Tomar et al., 2013) . These authors found that one-third of the wild diploids they tested failed to induce sporulation when glucose and nitrogen was withdrawn. We assayed induced sporulation in their highest and lowest efficiency sporulators and our results are in complete agreement (Figure 2A ). We also measured deregulated sporulation and the ability to enter quiescence. 5, 5, 5, 5, 10, 5, 6, 3, 9 top to bottom). This dense fraction includes quiescent cells and/or tetrad and dyad asci, which are the products of deregulated sporulation that occurs within the YEPD culture. The percent of asci within the dense fraction is shown in blue (n = 2). Each strains' capacity to induce sporulation is shown in green (n = 3). (E) Dense fraction of diploid cells with no signs of sporulation were assayed for innate thermotolerance (n = 2). In these and all subsequent plots SSD1 refers to the SSD1 allele from S288c.
FIGURE 2: Some wild diploids enter quiescence instead of sporulating. (A) As in Figure 1D , dense fraction was quantified (gray bars) and the percentage of asci resulting from deregulated sporulation within this fraction was counted microscopically (blue bars). The fraction left of the vertical line on the blue bars indicates the percentage of the deregulated sporulation that produced dyads. Efficiency of induced sporulation is shown by green bars. Red bars show the percent of budded cells within the dense fraction. Each strain was assayed in duplicate, except the bottom two ime1 mutant strains that were assayed in triplicate. NCYC 3315 ime1/IME1 is BY8014 and NCYC 3315 ime1/ime1 is BY8029. (B) Dense diploid cells with no signs of sporulation were assayed for innate thermotolerance (n = 7, 3, 4, 2, 2). (C) The dense cells produced by the strains indicated were assayed in duplicate for longevity in the nondividing state by monitoring viability and colony formation (CFU) over an 84-d time course in water.
The strains with the highest levels of induced sporulation varied in their ability to promote deregulated sporulation and form Q cells. NCYC 3448 (fruit), 3449 (cactus), and 3315 (oak) showed highly efficient deregulated sporulation. This indicates that these wild strains exclusively sporulate under conditions that trigger quiescence in other strains. This led us to wonder whether the path to quiescence is defective in these strains or whether it is just superceded by the drive to sporulate. To test this, we deleted the IME1 gene from one of the wild diploids showing efficient deregulated sporulation (NCYC 3315) and assayed the ime1/IME1 heterozygote and the ime1/ime1 homozygote ( Figure 2A ). Loss of one copy of IME1 had no impact on induced sporulation, but it clearly interfered with deregulated sporulation, indicating that Ime1 is haploinsufficient for this process ( Figure  2A ). The fraction of ime1/IME1 cells that did not sporulate in YEPD initiated cellular quiescence based on cell density increase. As expected, complete loss of Ime1 activity eliminated both induced and deregulated sporulation. Instead, all the ime1/ime1 cells developed the density of quiescent cells and these cells were extremely long lived in the nondividing state ( Figure 2C ). This indicates that this wild strain retains the capacity to enter quiescence, but it has evolved to exclusively sporulate under the conditions we tested.
The other four strains that achieved high levels of induced sporulation behaved like the ime1/IME1 heterozygote. With NCYC 3284 (soil), 3462 (palm), 3468 (palm), and 3461 (palm), the dense fraction was a mixture of cells and asci. This suggests that there are some environments in which it is beneficial to be capable of both cell fates. However, the dense cells could not be separated from the asci and hence, they could not be assayed to see whether they attained the longevity of quiescent cells.
Some wild diploids have evolved to enter quiescence instead of sporulating
The six poor sporulators also had a diverse response to glucose limitation. NCYC 3453 is a baker's strain that had an unexpected phenotype. Ninety percent of these diploids attained the density of Q cells, but almost all of them were budded, which means either that they completely failed to arrest in G1 in response to glucose limitation or that mother and daughter cells fail to separate ( Figure 2A ). The cells in these 7-d cultures were 78 ± 3% viable with medium to large buds, but they had a short and variable life span in the nondividing state ( Figure 2C ). NCYC 3455 (clinical isolate) and NCYC 3313 (honey wine brewing) also produced neither Q cells nor spores. These three strains may lack the capacity to differentiate, or they may not recognize the same nutritional signals that trigger differentiation in most strains. The three other strains that were known to be defective in sporulation produced high levels of dense cells (NCYC 3456, 3469, and 3487) . To see whether these dense cells had other properties of Q cells, we assayed thermotolerance and longevity. NCYC 3487 (baker's strain) and NCYC 3456 (clinical isolate) were thermosensitive, but NCYC 3469 (fruit) had thermotolerance and longevity greater than that of the W303 haploid Q cells (Figure 2 , B and C). These data show that wild diploids exist that have restricted pathway choice to enter a protective, quiescent cellular state instead of sporulating.
Quiescence can be regulated by ploidy
Although there are wild diploids that can form Q cells, there are others that cannot. W303 is an interesting example that forms Q cells efficiently as a haploid, but not as a diploid (Figure 1, A and D) . Knowing that the truncated ssd1-2 allele in W303 (previously referred to as ssd1-d2) reduces Q-cell formation and longevity in haploids compared with the full-length SSD1 allele carried by S288c (Li et al., 2009 (Li et al., , 2013 , we also assayed W303SSD1 diploids. As noted above, W303 diploids can sporulate but they produce very few Q cells. W303SSD1 diploids have the reverse fate, producing 10 times more dense cells with high thermotolerance and almost eliminating sporulation. This indicates that, in W303, Ssd1 is an important regulator of these alternative cell fates, promoting quiescence in both haploids and diploids and interfering with sporulation in diploids. However, this is specific to the W303 background. Six of the strains we assayed carry the same S288c SSD1 allele. Three of these strains also primarily enter cellular quiescence (NCYC345, 3469, and 3487).
However, RM11 can both sporulate and enter cellular quiescence, NCYC 3453 does neither, and the two others (NCYC3448 and 3449) have the opposite fate of only sporulating. All the other wild strains we analyzed have full-ength SSD1 alleles with one to seven amino acid differences from the SSD1 of S288c. The SSD1 alleles harbored by SK1 and NCYC3469 are identical, but SK1 only sporulates and NCYC3469 only enters cellular quiescence. Table 1 lists the SSD1 alleles residing in these strains and the phenotypic classes within which they reside. The S288c allele, referred to in the table as SSD1-1, is the most common and is represented in all four phenotypic classes. Clearly, there are other polymorphisms in these strains that are contributing to cell fate choice, but in W303, SSD1 is sufficient to cause a shift from sporulation to quiescence.
To further investigate the diploid-specific defect in Q-cell formation in W303, we asked whether it was conferred by heterozygosity at the MAT locus. Haploids carry either the MATa or MATα mating type information, and when they mate, transcription factors encoded by the MATa and MATα loci act together to repress the mating program and promote sporulation (Strathern et al., 1981) . As a result, mating is only accessible to haploids, and sporulation is accessible only to diploids. This led us to ask whether quiescence is also regulated by the MAT locus. W303a/α diploids produce 8 ± 6% dense cells (n = 8), which is sixfold fewer Q cells than the W303 MATa haploid produces, and those that are produced are thermosensitive (Figure 1) . To see whether this failure to enter quiescence is regulated by heterozygosity at the MAT loci, we generated a MATα/matΔ diploid, which lacks MATa information (Strathern et al., 1981) . This MATα/matΔ diploid produces only 0.7 ± 0.8% dense cells (n = 6), indicating that mating type heterozygosity is not required; diploidy per se is interfering with W303's ability to enter quiescence.
W303 diploids initially respond to glucose limitation like haploids
We have followed the W303 diploids and haploids as they transition from logarithmic growth to stationary phase (log to SP) to see where their behaviors diverge. The W303a and α haploids and the a/α diploids undergo the diauxic shift at the same time (12 h) and attain the same final optical density, but the larger diploids achieve that density at a lower cell number, as expected (Figure 3, A and B) . The a/α diploid also shows the same G1 arrest profile as the haploids ( Figure 3C ). The MATα/matΔ grows more slowly, and never attains the cell density of the true a/α diploid. The MATα/matΔ is slower and somewhat less efficient at arresting in G1 ( Figure 3C ), but it initiates the G1 arrest before its diauxic shift (16 h) just like the true haploid and diploid strains. These data indicate that both diploid strains are responding to the waning glucose supply by prolonging G1, and they achieve a complete or nearly complete G1 arrest.
To see whether diploids also undergo asymmetrical cell divisions after the diauxic shift, we monitored cell size over this time course. During log phase growth, the diploids are more heterogeneous in size than the haploid and the MATα/matΔ culture contains a large fraction of very small particles ( Figure 3D ). These are most likely the inviable cells that comprise ∼50% of the population ( Figure 4A ). However, all three strains undergo asymmetrical cell divisions after the diauxic shift ( Figure 3D ). As previously observed (Li et al., 2013) , the haploid shifts from a modal cell volume of ∼50 fl in log phase, to 16 fl postdiauxie (24 h), and then enlarges slightly to 26 fl after 7 d (168 h). In the case of the a/α diploid, cell size shifts from a very broad distribution with a peak at 91 fl to a remarkably tight distribution after 24 h, peaking at 34 fl, and then increasing in size to ∼60 fl at the later time points. This indicates that the true diploid undergoes asymmetrical cell divisions, just like the haploid, but it does not restrict growth to the same extent at later times. The MATα/matΔ cells also undergo an asymmetric cell division, shifting from >100 fl to 51 fl after 24 h, then, unlike either the haploid or the a/α diploid, these cells continue to shift to a smaller peak size, which reaches 32 fl after 168 h. We assayed two independently constructed MATα/ matΔ strains and both behaved identically. On the basis of their G1 arrest and asymmetrical cell divisions, we conclude that diploids respond much like haploids as glucose becomes limiting, but some ploidy-sensitive phenomenon is preventing them from successfully transitioning to quiescence.
W303 diploids lose viability in stationary phase and SSD1 rescues viability and Q-cell formation
We also monitored colony-forming units (CFUs) and viability as the W303 diploids entered stationary phase and found that both diploids lose viability rapidly ( Figure 4A ). The W303 a/α diploid , Sequences were extracted from the Sanger Institute database. Allele numbers were arbitrarily set for clarity. Differences from the reference sequence (S288c) for each allele are listed at the top. At the bottom, the alleles and the strain numbers (in parentheses) for each phenotypic class are listed. The four-digit numbers refer to the NCYC strains. Figure 4A ). Ssd1 is an RNA-binding protein and many of its target mRNAs encode cell wall proteins (Hogan et al., 2008; Jansen et al., 2009) . As a result, some ssd1-2 phenotypes can be rescued by 1M sorbitol, an osmo-stabilizer (Kaeberlein and Guarente, 2002) . Sorbitol does not rescue the diploid-specific lethality we observe as W303 diploids enter stationary phase. In fact, it causes more rapid death ( Figure 4C ).
Exogenously added trehalose rescues viability and the transition to quiescence of ssd1-2 diploids and ssd1-2 mpt5 haploids
In addition to being a glucose reserve, trehalose serves as a protectant from heat, oxidation, and other forms of stress (Elbein et al., 2003) . This disaccharide of glucose accumulates to high levels as FIGURE 3: W303 diploids display prolonged G1 phase and asymmetrical cell divisions as they enter stationary phase. Growth of W303 haploids and diploids from 8 to 48 h in YEPD was measured (n = 2) by optical density (A) and cell count by Coulter counter (B). The fraction of these cells in G1 was measured by flow cytometry (C). Cell volume distribution (D) for the haploid and diploids from log phase and three postdiauxic time points as indicated. A representative trace is shown for each (n = 4). Two independently constructed W303α/matΔ strains were assayed with identical results. Strain numbers are provided in Table 2 . The SSD1 allele from S288c is referred to as SSD1-1 in the table to distinguish it from the other SSD1 alleles in the wild strains described in Table 1 .
cells import the last glucose from their media (Lillie and Pringle, 1980) . Several mutants have been identified that are defective in the accumulation or utilization of trehalose and these defects are associated with poor survival in stationary phase (Samokhvalov et al., 2004; Favre et al., 2008; Kyryakov et al., 2012; Ocampo et al., 2012; Cao et al., 2016) . Some of these defects can also be rescued by addition of trehalose to the medium (Tapia et al., 2015; Cao et al., 2016) . We found significantly less trehalose in the W303 diploid, and a further drop in the MATα/matΔ diploid (Table 2 ). This drop in trehalose is also rescued by SSD1. It could be that the loss of viability of W303 ssd1-2 diploids is preventing trehalose accumulation. Alternatively, failure to accumulate trehalose may cause cell death under glucoselimiting conditions. Whatever the cause, we found that addition of exogenous trehalose to 1% (26 mM) fully rescues the viability of these diploids ( Figure 4B ). In haploids, Ssd1 and Mpt5 play additive roles in CWI, Q-cell formation, and longevity (Li et al., 2013) . Like ssd1-2 alone, the mpt5SSD1 haploid maintains high trehalose levels, but produces about half as many Q cells as wild type and these Q cells have reduced longevity in the nondividing state (Li et al., 2013) . In contrast, the ssd1-2mpt5 haploid fails to produce Q cells, and these haploids lose 80% viability after 7 d of growth in YEPD (Li et al., 2013) . They also show a sevenfold reduction in trehalose levels over that time course (Li et al., 2013) . As above, we followed viability of the ssd1-2mpt5 haploid after addition of 1% trehalose ( Figure 4D ) and found that it fully rescued viability.
To see whether exogenous trehalose enables these cells to fully transition to the quiescent state, we grew these strains in YEPD plus trehalose for 7 d and fractionated them by density sedimentation. The added trehalose enabled nearly all of the cells to attain the density of quiescent cells ( Figure 5A ). We then transferred these dense cells to water and monitored their longevity in the nondividing state ( Figure 5B ). Not only were these dense cells greater than 75% viable at the start, but their ability to maintain viability in quiescence and reenter the cell cycle to form colonies rivaled that of most of the wild strains we assayed ( Figure 2C ). By these criteria, exogenously added trehalose rescues the ability to enter and maintain quiescence in these cells.
The CWI pathway plays a dual role in quiescence entry
It has been shown that W303 ssd1-2 mpt5 cells lose viability rapidly in unbuffered minimal medium and this can be rescued by overproducing Pkc1, which activates the CWI pathway (Stewart et al., 2007) . W303 ssd1-2 mpt5 cells are also thermosensitive (Kikuchi et al., 1994) , and this thermosensitivity can be rescued by deleting Lrg1, which is a negative regulator of the CWI pathway (Stewart et al., 2007) . Mpt5 binds (Gerber et al., 2004) and translationally represses Lrg1 (Stewart et al., 2007; Duy et al., 2017) . These data suggest that activation of the CWI pathway is a critical function of Mpt5 under acid- (Burtner et al., 2009 ) and heat-stress conditions (Stewart et al., 2007) . To see whether the CWI pathway plays an important role in quiescence entry, we deleted RLM1, which is the predominant downstream transcription factor activated by CWI (Watanabe et al., 1995; Levin, 2011) . Figure 6A shows that rlm1 cells carrying a FIGURE 4: Ssd1 and trehalose rescue the viability of W303 diploids as they enter quiescence. Strains listed in Table 2 . (A) Percent of total cells that can form colonies (CFU) and remain viable of the strains indicated as they are cultured (in duplicate) in YEPD for 15 d. (B) As in A, but with the addition of 1% trehalose to the medium of the starting log phase culture, OD 600 0.02 (n = 2). (C) Colony formation of the same strains with and without the addition of 1M sorbitol to the medium of the starting log phase cultures, OD 600 0.02 (n = 2). (D) Colony formation and viability of two haploid strains (BY6500 W303 ssd1-2 and BY6672 W303 ssd1-2 mpt5) with (right) and without (left) the addition of 1% trehalose to the starting log phase culture, OD 600 0.02 (n = 2). ssd1-2mpt5 cells grow slowly at 30°C and reach saturation a full day later than ssd1-2. This is likely why the double mutant continues to increase in cell number at early time points. Trehalose may also provide some thermoprotection to these cells.
functional SSD1 gene survive growth to saturation in rich medium just like wild-type cells. The rlm1 ssd1-2 cells grow like wild type during logarithmic growth, but they lose viability rapidly as they reach saturation. We conclude that the CWI pathway plays a critical role during the transition to quiescence under conditions of cell wall stress. In contrast, when we purified dense cells, we found that rlm1 reduced yields in both SSD1 and ssd1-2 cells ( Figure 6B ) so the CWI pathway also plays a role in achieving the density of quiescent cells that is independent of Ssd1. We also assayed the longevity of the SSD1rlm1 dense cells in the nondividing state. Viability and to a greater extent the ability to reenter the cell cycle and form colonies is significantly reduced in SSD1rlm1 cells (Figure 6, C and D) .
Among the genes activated by Rlm1 is the NTH1 trehalase gene, which encodes the primary enzyme that degrades intracellular trehalose (Eleutherio et al., 2015) . Trehalose is a critical energy source in cells exiting quiescence (Shi et al., 2010) and this may explain why rlm1 cells are defective in cell cycle reentry. The prospect that Ssd1 might translationally repress trehalase mRNA to promote entry and maintenance of quiescence led us to ask whether deletion of the two intracellular trehalase genes (NTH1 and NTH2; Nwaka et al., 1995) could rescue the ssd1-2 diploid. Figure 6 , E and F, shows that loss of either or both of these intracellular trehalase activities does not rescue the ssd1-2 diploid.
DISCUSSION
S. cerevisiae in the wild is typically diploid (Landry et al., 2006) and its ability to sporulate is a quantitative trait that has been exploited to help define the mechanics and regulation of sporulation (Neiman, 2011) . We have shown that the ability to enter quiescence is another highly variable but reproducible quantitative trait of both wild and laboratory S. cerevisiae strains. In lab strains, sporulation is triggered by glucose and nitrogen deprivation, but several of the wild strains have lost the requirement for nitrogen starvation, which we refer to as deregulated sporulation. Disrupting sporulation by deleting both copies of IME1 enabled one of these diploids to enter quiescence, so it is capable of entering quiescence, but there is a hierarchy of decision making that favors sporulation under these conditions. The polymorphism(s) responsible for deregulated sporulation have not been identified, but it is a common trait among the wild strains we assayed and might be relevant in the context of fungal pathogens (Huang and Hull, 2017) .
Some wild diploids readily form Q cells and have lost the ability to sporulate, so there must be environmental conditions under which sporulation cannot occur or is disadvantageous. For example, Q cells are typically highly thermotolerant (Allen et al., 2006; Li et al., 2013) , but sporulation fails at high temperature . Entering and recovering from quiescence is more rapid and less energy-consuming than spore production and germination. Cellular quiescence also enables cells to maintain a diploid state. These differences suggest that the ability to sporulate could be selected against or lost in environments where quiescence is more advantageous.
In the W303 lab strain, the pathway to quiescence is largely restricted to haploids due to the presence of the truncated and defective ssd1-2 gene. Ssd1 is an RNA-binding protein (Uesono et al., 1997) that is highly pleiotropic, interacting with more than 800 genes (S. cerevisiae Genome Database). When the truncated ssd1-2 allele is replaced with the full-length SSD1 allele from S288c, it doubles Q-cell formation in haploids and they are longer lived in the nondividing state (Li et al., 2009) . W303 diploids produce very few Q cells, but introduction of SSD1 increases Q-ell formation and reduces sporulation by about 10-fold. This indicates that introducing SSD1 into W303 is sufficient to shift its diploid fate from primarily sporulation to primarily cellular quiescence. The mechanism of this switch is unknown.
The fact that Ssd1 function is much more critical in diploids than in haploids for entry into quiescence is likely to be due to its role in cell wall remodeling. Cell wall mRNAs are Ssd1's most common targets (Hogan et al., 2008; Jansen et al., 2009; Wanless et al., 2014) , and loss of Ssd1 function confers sensitivity to many cell wall disrupting agents (Lopez-Garcia et al., 2010) . Cell wall fortification is a key step in the transition to quiescence (Li et al., 2015) and ssd1-2 interferes with this process (Li et al., 2013) . Interestingly, 3% of yeast proteins show more than twofold differences in level between haploids and diploids and 20% of the proteins that are overexpressed in haploids are involved in cell wall organization (de Godoy et al., 2008) . At least eight of the Ssd1-bound cell wall mRNAs encode proteins that are present at up to fivefold higher levels in haploids than diploids (Tos1, Scw4, Uth1, Cts1, Scw10, Cis3, Sim1, and Bgl2; de Godoy et al., 2008) . Three of these (Scw4, Scw10, and Cts1) are haploinsufficient for competitive growth in diploids (Pir et al., 2012) , so they are clearly limiting in the larger diploids. Mpt5 also binds several of the same cell wall mRNAs that Ssd1 binds (Lapointe et al., 2017) , including four that are underrepresented in diploids (Tos1, Uth1, Cis3, and Bgl2). These findings support the possibility that, in diploids, which are larger and relatively limited for cell wall proteins, Ssd1 is critical for the cell wall remodeling required to survive the transition to quiescence. In haploids, where many cell wall proteins are in great excess, Ssd1 function is less critical and/or Mpt5 can compensate for its loss.
After 7 d of growth, ssd1-2 mpt5 haploids and ssd1-2 diploids are largely inviable and they have very low levels of trehalose (Table  2 ; Li et al., 2013) . The addition of exogenous trehalose restores their viability and enables them to enter a long-lived quiescence state. It is possible that trehalose levels are low because these cells are dying and the rescue by trehalose is due to its role as a stress protectant. Trehalose protects cells by binding to the inner and outer layers of the plasma membrane (Eleutherio et al., 2015) . Secreted trehalose protects yeast from dehydration and reactive oxygen species accumulation (Eleutherio et al., 1993; da Costa Morato Nery et al., 2008) . Recently it has been shown that intracellular trehalose plays a direct role in preventing desiccation-induced protein aggregation in budding yeast (Kim et al., 2018) . P bodies and other protein aggregates are induced by glucose depletion and there are several examples in which they promote cellular adaptation to environmental change  Trehalose was converted to glucose by trehalase and is reported as glucose equivalents (μg/ml). Samples were taken from YEPD cultures after 7 d of growth. Number of measurements is in brackets. Holmes et al., 2013; Simpson-Lavy et al., 2017; Kim et al., 2018) . The lethality we observe could be due to toxic aggregations and could be rescued by the disaggregation properties of trehalose. It is also possible that trehalose accumulation is promoted by Ssd1 and Mpt5 directly. Regulation of Ace2 and morphogenesis (RAM) signaling and its downstream kinase Cbk1 regulate cell wall synthesis and remodeling during the cell cycle (Weiss, 2012) . It is essential that Cbk1 kinase phosphorylate Ssd1 and inhibit its translational repression of cell wall mRNAs during periods of cell wall expansion (Figure 7 ). This is an ancient pathway, remarkably conserved in Schizosaccharomyces pombe (Nunez et al., 2016) . Cbk1 may also bind (Gogl et al., 2015) and inhibit (Bourens et al., 2009) Mpt5. Cbk1 activity is inhibited by Lre1 during the cell cycle and in response to glucose limitation (Versele and Thevelein, 2001; Mancini Lombardi et al., 2013) . Lre1 overproduction or loss of Cbk1, both conditions that increase translational repression by Ssd1, increase trehalose levels, and loss of Lre1 activity, which reduces Ssd1 activity, also reduces trehalose levels (Versele and Thevelein, 2001 ). These effects do not involve obvious changes in the mRNA levels of trehalose metabolism genes or depend on their known regulators (Versele and Thevelein, 2001 ). These findings raise the possibility that there is a novel form of trehalose regulation during the transition to quiescence that involves Lre1-dependent inactivation of Cbk1. That novel regulation could be translational repression of mRNAs responsible for trehalose utilization or secretion by Ssd1. However, these Lre1-mediated effects on trehalose levels were observed in W303 ssd1-2 haploids (Versele and Thevelein, 2001 ). So, if there is such a pathway, Mpt5 or something else would have to substitute for Ssd1. In addition, no obvious trehalose-associated mRNAs have been identified that bind Ssd1 (Hogan et al., 2008; Jansen et al., 2009) . However, Lre1 mRNA is an Ssd1 target. It is bound and destabilized by Ssd1 (Hogan et al., 2008; Jansen et al., 2009 ), so it is both an upstream activator of Ssd1 and a downstream target of Ssd1-mediated repression. This negative feedback, eliminating Lre1 activity, may be important to restore Cbk1 activity and enable Cbk1 to perform its other functions, including activation of Rlm1 (Martin-Yken et al., 2003; Kuravi et al., 2011) , which initiates most of the transcriptional program of CWI signaling (Figure 7 ; Watanabe et al., 1995; Levin, 2011) .
The RAM and CWI signaling pathways have compensatory roles in cell survival. CWI is constitutively activated in the absence of Ssd1 (Arias et al., 2011) . This reinforces the importance of Ssd1 in cell wall remodeling and the role of the CWI pathway in protecting against cell wall defects. Hyperactivation of CWI rescues the stress sensitivity of mpt5 ssd1-2 cells (Stewart et al., 2007) , and overproduction of Ssd1 rescues CWI pathway defects (Costigan et al., 1992; Lee et al., 1993) . We have deleted Rlm1, the predominant transcription factor activated by CWI signaling, and shown that it is required for the viability of ssd1-2 cells during the transition to quiescence. In addition, Rlm1 is required for producing the dense cells that are characteristic of the transition to quiescence, and for the ability of these dense cells to maintain this protective nondividing state and reenter the cell cycle when nutrients are restored.
Taken together, our data indicate that both the RAM and CWI pathways are important during the transition from growth to quiescence. Cbk1 plays a role in both pathways (Figure 7 ). In the RAM pathway, Cbk1 must be inhibited to allow Ssd1 to bind and translationally repress cell wall mRNAs (Jansen et al., 2009) . In the CWI pathway, Cbk1 is required for the activation of Rlm1 (Martin-Yken et al., 2003; Kuravi et al., 2011; Mancini Lombardi et al., 2013) . We speculate that these may be sequential steps. When glucose is limiting, inhibition of Cbk1 by Lre1 enables Ssd1 to repress cell wall (CW) mRNAs and prevent budding and cell wall expansion. Subsequent sequestration of Lre1 mRNA by Ssd1 would restore Cbk1 activity and enable it to activate the Rlm1-dependent transcriptional program that further promotes the transition to quiescence. Sequential targeting of Cbk1 first to Ssd1 and then to Rlm1 would be consistent with the observed delay in Rlm1 activation . Maximum Rlm1 activity occurs 60 min after heat shock and 120 min after caffeine treatment.
These data reveal the complex and polymorphic nature of the budding yeast response to the transition from growth to quiescence. Many polymorphisms that influence sporulation have been identified, but those that promote cellular quiescence are much less well understood. We have shown that Ssd1 is sufficient to shift W303 diploids from predominantly sporulating, to predominantly entering cellular quiescence. However, the same SSD1 allele in other strains does not confer the same fate shift. We have also demonstrated the importance of Mpt5, the CWI pathway, and trehalose in maintaining viability during this transition, especially when Ssd1 is defective. Understanding the way cells enter, maintain, and reverse the quiescent state is key to understanding growth control. These processes are likely to be conserved, just as the fundamentals of the cell duplication process are conserved. Budding yeast is an ideal model for such studies because we can quantify and monitor these processes in a natural setting. We can also take advantage of the natural variation in these processes to identify key regulators that are fungi-specific. Most anti-fungal drugs target growing cells and there is considerable evidence that cells can resist these agents by persisting in a quiescent state (Bojsen et al., 2017) . Targeted inactivation of fungi-specific gene products that promote or maintain quiescence could lead to a new class of anti-fungal treatments.
MATERIALS AND METHODS Strains
Strains are all prototrophic wild and laboratory strains cultured in rich medium (YEPD [yeast extract 10 g/l, Bactopeptone 20 g/l, adenine hemisulfate 55 mg/l, dextrose 20 g/l]). BY6500 and BY6501 are prototrophic W303a and α haploids (Li et al., 2009 ) and the homozygous diploid is BY6946. These strains are rad5 can1-100 and carry a C-terminal truncation allele of SSD1, referred to historically as ssd1-d2. We will refer to this allele as ssd1-2. The prototrophic W303 MATa (BY6641) and MATα (BY6564) are isogenic except they carry the full-length SSD1 allele that is also found in S288c and RM11 (Li et al., 2009 ). This allele is historically referred to as SSD1-V, but we will refer to it as SSD1. These haploids were crossed to produce the homozygous diploid (BY6962). The RM11 MATα haploid and diploid are ho AMN1 versions of the wild yeast (BY6941 and BY6944, respectively). SK1 MATa haploid and diploid strains are ho::hisG prototrophs (BY7018 and BY7043). The S288c MATa haploid and diploid are BY6942 and BY6945. Prototrophic diploids were isolated as zygotes (Amberg et al., 2006) and confirmed to sporulate and to have the size and DNA content of diploids on the Coulter counter and flow cytometer, respectively. NCYC strains are from the National Collection of Yeast Cultures. The NCYC 3315 diploid heterozygous for ime1 (BY8014) was made by replacing one copy of IME1 with the hygromycin B resistance gene hphMX4 from pAG32 (Goldstein and McCusker, 1999) . The ime1/ime1 homozygote (BY8029) was made by replacing the other IME1 copy with a nourseothricin resistance gene natMX3 from pAG35 (Goldstein and McCusker, 1999) . The mpt5 and rlm1 null mutants were made by replacing the coding sequence with the G418 resistance genes KanMX from pFA6a-KanMX (Longtine et al., 1998) in the W303 ssd1-2 or SSD1 background. Using the same drug marker replacement strategy and the vectors described above, we constructed the nth1, nth2, and nth1nth2 homozygous diploids. Strain numbers and specific markers used are provided in the relevant figure legends. When diploids cannot be FIGURE 7: Model for how the RAM (regulation of Ace2 and morphogenesis) and the CWI (cell wall integrity) pathways regulate the transition between growth and quiescence. In response to glucose limitation, Lre1 inhibits the conserved NDR/LATS kinase Cbk1 in the RAM pathway (left) and prevents it from phosphorylating and inhibiting Ssd1. This enables Ssd1 to sequester and inhibit cell wall (CW) mRNAs in P bodies (depicted by circles) and prevent budding and cell wall expansion. Ssd1 and Mpt5 may play overlapping roles in this process. Mpt5 may also be a Cbk1 target. In addition to CW mRNAs, Ssd1 also binds and represses Lre1 mRNA. This negative feedback releases Cbk1 to activate Rlm1. The CWI pathway (right) is activated by stress, nutrient limitation, and cell wall damage. This involves Mpt5-mediated destabilization of the LRG1 mRNA. Lrg1 is a Rho1 GTPase activating protein (GAP) that must be neutralized for full CWI pathway activation. The downstream Slt2 kinase and Cbk1 are both required to activate the Rlm1 transcription factor. Rlm1 activation initiates the transcriptional program that protects cells from stress and promotes the entry, maintenance, and recovery from quiescence.
selected directly, we mate the strains for at least 4 h, streak for single colonies and pick a dozen large colonies from each mating. These potential diploids are purified, sized on a Beckman Coulter counter Z2, and sporulated and assayed for ploidy by flow cytometry.
Induced and deregulated sporulation assays
The efficiency of induced sporulation was assayed by patching cells onto a YEPD plate and growing them for 4 h at 30°C before transfer to sporulation plates. Sporulation plates roughly follow the SPO recipe in Elrod et al. (2009) . They contain 1.5% potassium acetate, 0.1% glucose, and 0.25% yeast extract, supplemented with 10 μg/ml adenine and uracil; 5 μg/ml methionine, arginine, histidine, leucine, lysine, and tryptophan; 2 μg/ml tyrosine; 1 μg/ml proline; and 25 μg/ml phenylalanine from a filter sterilized 40× stock solution. Sporulation plates were incubated for 4 d at 25°C; then a sample was resuspended in water. At least 200 cells, dyads, and/or tetrads were counted in triplicate by phase contrast microscopy. Deregulated sporulation was observed within the dense fraction of cells purified after 7 d of culturing in YEPD and quantified as above.
Quiescence and viability assays
Dense cells were purified through a percoll gradient as previously reported (Allen et al., 2006 ) using a 25 ml gradient and loading 200 OD 600 units of cells. Q-cell yield is calculated as the fraction of cells that sediment to the bottom 9 ml of the gradient. Longevity of purified dense cells was assayed in water as described (Li et al., 2009) . Survival was assayed by CFUs and by viability using the FungaLight (Invitrogen L34952) flow cytometer assay. All assays are plotted with error bars and the number of biological replicates is provided in the figure legends.
Innate thermotolerance was assayed by incubation at the designated temperatures for 10 min in a PCR machine. Purified Q cells were resuspended at one OD 600 and 50 μl was transferred to a 0.5-ml PCR tube and placed in a prewarmed PCR machine. After 10 min, 0.45 ml cold water was added to each tube and then they were diluted and plated for survivors.
Trehalose assay
The trehalose assay is based on that described by Parrou et al. (1997) and modified by Shi et al. (2010) . Cells were grown for 7 d in rich YEPD medium. Five OD 600 units of cells were washed and transferred to 0.125 ml 0.25M Na 2 CO 3 in a screw-capped tube and stored at -80°C. Cells were broken, digested with trehalase (T8778; Sigma-Aldrich) to release glucose, and assayed for glucose in a 96-well format as described (Shi et al., 2010) .
